Background: Polyunsaturated fatty acids (PUFAs) are associated with protection from obesity-related phenotypes in adults;
Introduction
Since 1980, the prevalence of obesity among youth has nearly tripled in the United States, with recent estimates suggesting that increased risk, it is important to characterize dietary factors beyond total energy intake that can improve pediatric body composition and prevent the onset of adult obesity-related comorbidities.
The FA composition of childrenÕs diets may have an effect on their body composition (7) (8) (9) (10) (11) (12) (13) (14) (15) . FAs are calorically dense and contribute substantially to daily energy intake. However, PUFAs do not appear to contribute to fat mass (FM) 9 accumulation in the same way as other FAs (i.e., SFAs) (16) (17) (18) (19) . Moreover, all PUFAs do not appear to affect body composition in the same way, because there is evidence that n-6 and n-3 PUFAs have varying effects (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) 20) . Total and n-3 PUFA intakes may be protective against excessive adiposity, but the contributions of n-6 PUFAs, the n-6 to n-3 PUFA ratio, and the PUFA to SFA ratio to FM, fat deposition, and lean mass (LM) remain poorly characterized.
Previous studies have been conducted primarily in white children of European descent (7-9, 13, 14) ; however, racial and ethnic background is an important genetic determinant of pediatric obesity (21, 22) . Moreover, measurements of body composition beyond BMI that assess abdominal fat distribution and LM have not been widely used. Finally, objective measures of energy expenditure and physical activity are essential covariates when assessing the contributions of dietary components to body composition and obesity. In the current study, we used the previously described AMERICO Study data set composed of detailed genetic, dietary, behavioral, and metabolic data in >300 multiethnic children in the United States (21) . With this robust data set, we were able to control for well-known determinants of obesity and better isolate the relations of dietary components. Therefore, the purpose of this study was to test the hypothesis that higher self-reported intakes of PUFAs (including total, n-6, n-3, and n-6:n-3) and the PUFA to SFA ratio would be negatively associated with measures of adiposity and positively associated with LM, independent of biological, environmental, and genetic covariates.
Methods
Subjects. Participants were 311 children (47% female) aged 7-12 y, self-identified as African American (AA; n = 106), European American (EA; n = 121), or Hispanic American (HA; n = 84) from the Birmingham, Alabama, area. The majority of the children were of normal weight (67% normal weight, 23% overweight, and 10% obese). Children were recruited at schools, churches, and health fairs and through newspapers, magazines, and participant referrals. The children were peripubertal (pubertal stage #3 as assessed by a pediatrician according to the criteria of Marshall and Tanner) (23, 24) and had no medical diagnosis or medications contraindicated for study participation (i.e., medication known to affect metabolism, body composition). Before study participation, the children and their parents provided informed assent and consent, respectively, to the protocol, which was approved by the Institutional Review Board for human subjects at the University of Alabama at Birmingham. All measurements were performed at the Nutrition Obesity Research Center and the Department of Nutrition Sciences at the University of Alabama at Birmingham between 2005 and 2008. (See Figure 1 for information on how our sample size was determined.) Subjects participated in 2 visits. On the first visit, pubertal status, anthropometrics, questionnaire data, dietary recall, and body composition by DXA and/or computed tomography (CT) scanning were measured. Within 30 d, the children and parents returned for the second overnight visit, at which time blood for genetic admixture analysis was drawn, resting energy expenditure (REE) was assessed, and a second dietary recall was performed.
Anthropometric measurements. Anthropometric measurements for all participants were obtained by the same registered dietitian. Participants were weighed (Scale-tronix 6702W; Scale-tronix, Carol Stream, IL) to the nearest 0.1 kg (wearing minimal clothing without shoes). Height was recorded to the nearest 0.1 cm without shoes by using a digital stadiometer (Heightronic 235; Measurement Concepts). ChildrenÕs BMI percentiles were calculated as indicated by the CDC guidelines (2).
Body composition and fat distribution. Body composition [FM, LM, and percentage of body fat (%BF)] was measured by DXA with the use of a GE Lunar Prodigy densitometer (GE Lunar Radiation Corp.). Participants were scanned in light clothing while lying flat on their backs with arms at their sides. DXA scans were performed and analyzed with pediatric software enCORE 2002 version 6.10.029. DXA has been found to be highly reliable for body-composition assessment in children (25) . Because of financial limitations, CT scanning was used to quantify the distribution of abdominal adipose tissue as total abdominal adipose tissue, intraabdominal adipose tissue (IAAT), and subcutaneous abdominal adipose tissue (SAAT) in a subsample of children (n = 209). There were no significant differences in demographic variables between children who were assessed with CT and children who were not assessed by CT (data not shown). A HiLight/Advantage scanner (General Electric) was used to perform a single-slice (5-mm) scan of the abdomen at the level of the umbilicus. Scans were analyzed for cross-sectional area (cm 2 ) of adipose tissue by using the density contour program with Hounsfield units for adipose tissue set at 2190 to 230. CT has been shown to provide accurate measurements of body fat distribution in children (26) .
Dietary recall. Two 24-h dietary recalls (1 at each of the study visits) were administered and analyzed by a registered dietitian by using the ''multiple pass'' method, which provides a cup and bowl size to help estimate portion sizes (27) . A parent/guardian was present for, and assisted with, each recall, and all 24-h dietary recalls were conducted on weekdays. A registered dietitian coded and entered the data into Nutrition Data System for Research, version 2006 (Nutrition Coordinating Center, University of Minnesota). Total energy intake (kcal/d), macronutrient composition (% of total energy), total PUFAs (g/d), SFAs (g/d), n-3 FAs (g/d), and n-6 FAs (g/d) were among the variables analyzed. Total energy intake was included in analyses as a covariate given that PUFA intake potentially increases with increasing energy intake and positive energy balance is known to have an effect on obesity-related variables (28) (29) (30) . It is important to note that we are aware of the nontrivial errors associated with self-reported estimates of energy intake and we recognize that this limits the definitive conclusions that can be made from this report alone (31) . Rather, we believe that this study provides a unique opportunity to explore our hypothesis of interest and to identify, on the basis of our results, potential future hypotheses directed toward the understanding of the physiologic differences of higher vs. lower reported PUFA and SFA consumption.
Physical activity assessment. Given that physical activity is inversely associated with weight in children, we examined differences in physical activity between the groups (32). Children wore an MTI ActiGraph accelerometer (GT1M; ActiGraph Health Services) on their waist over the right hip for 7 d to objectively measure physical activity levels (removal was limited to times when the child was sleeping, bathing, or swimming). Epoch length was set at 1 min, and physical activity data were expressed as counts per minute (counts/min). As previously described, moderate and vigorous physical activity (MVPA) was defined as the daily counts per minute >1952 (33) . The average minutes that children spent per day engaged in MVPA were summed and averaged.
REE. The largest fraction of total daily energy expenditure is accounted for by REE (34) , and alterations in energy expenditure are associated 9 Abbreviations used: AA, African American; AFADM, African admixture; ALA, a-linolenic acid; CT, computed tomography; EA, European American; EUADM, European admixture; FM, fat mass; HA, Hispanic American; HP, high-PUFA group if % of total energy from PUFAs $ 5.84%; IAAT, intra-abdominal adipose tissue; LM, lean mass; LP, low-PUFA group if % of total energy from PUFAs ,5.84%; mTOR, mammalian target of rapamycin; MVPA, moderate and vigorous physical activity; REE, resting energy expenditure; SAAT, subcutaneous abdominal adipose tissue; SES, socioeconomic status; %BF, percentage body fat; %PUFA, percentage of total energy consumed from PUFAs.
with FM and LM in children (35) . Given the known influence of REE on childrenÕs body weight, we examined differences in REE between groups. Children were provided with a standardized meal the night before their REE testing. REE was measured in a fasting state in the morning immediately after awakening during the overnight visit. A computerized, open-circuit, indirect calorimetry system with a ventilated canopy (Delta Trac II; Sensor Medics) was used. While lying supine on a bed, the subjectÕs head was enclosed in a clear plastic canopy. Subjects were instructed not to sleep and to remain quiet and still, breathing normally. One-minute-average intervals of oxygen uptake and carbon dioxide production were measured continuously for 30 min.
Socioeconomic status. Socioeconomic status (SES) has been associated with body composition in children (36); therefore, SES was used as a covariate in all models related to child adiposity. SES was measured with the Hollingshead 4-factor index of social class (37) , which combines educational attainment and occupational prestige for working parents in the childÕs family. Scores range from 8 to 66, with higher scores indicating higher social status.
Pubertal status and sex. Both pubertal stage and biological sex play a role in adiposity accrual and distribution (38, 39) and were included as covariates in the analysis. Tanner staging is an objective measure of pubertal development and a better predictor of body composition than age (38) . Direct observation for the assessment of pubertal stage by the same pediatrician was used for differentiating among the 5 stages of maturity, and children at pubertal stage #3 were included in this study (23, 24) . On the basis of the criteria of Marshall and Tanner, pubertal staging was assessed according to both breast and pubic hair development in girls and genitalia and pubic hair development in boys. One composite number was assigned for Tanner staging, representing the higher of the 2 values defined by breast/genitalia and pubic hair development (23, 24) .
Genetic admixture. Previous work in our group has demonstrated that ancestral genetic background is associated with FM and LM in children (21) . African admixture (AFADM) and European admixture (EUADM) estimates were used to adjust for the genetic contribution to underlying population variability in body composition (21) . The genetic admixture estimates were obtained from genotyping ;142 ancestry informative markers across the human genome that provided information about European, African, and Amerindian parental ancestry for each participant. Genotyping for the measures of genetic admixture was performed at Prevention Genetics (www.preventiongenetics.org) by using the McSNP method and agarose gel electrophoresis, as previously described (21, 22) . Individual admixture estimates were derived by using the maximum likelihood method, which estimates the proportion of genetic ancestry for an individual by using a range of proportions from 0 to 1 and identifies the most probable value of admixture on the basis of the observed genotypes (21, 22) .
Statistical analysis. For the demographic analyses, participants were stratified into either the high-PUFA group [% of total energy from PUFAs (%PUFA) $5.84%; HP] or the low-PUFA group (%PUFA <5.84%; LP) on the basis of the median %PUFA value (5.84%). Participants with missing data were not included in the analyses. Independent-sample t tests were used to detect differences in the variables of interest between the HP and LP groups. Multiple linear regression models were used to evaluate the relation of dietary FA intakes with body-composition variables. All residuals were tested for normality, and skewed variables were logtransformed for data analysis. Values of IAAT, SAAT, FM, total abdominal adipose tissue, and LM were successfully log-transformed for normality after visual inspection of residuals from the regression equations. Exploratory models were conducted to test for significant contributions of total energy intake, sex, age, pubertal status, height, race/ethnicity, AFADM, EUADM, REE, MVPA, and SES on each body-composition variable. Because of the exploratory nature of this analysis, P values were not adjusted for multiple comparisons. 
report the unadjusted body-composition variables in the main article and report the height-adjusted variables in the Supplemental Table 1 .
As previously described (21), the measured value for each genetic admixture component adds to 1; therefore, to avoid overspecification of the statistical models, only AFADM and EUADM were included as genetic covariates in the models. AFADM and EUADM were chosen because they have the greatest range of variability among the AA, HA, and EA participants in this sample. Data were analyzed by using SAS statistical software version 9.3 (SAS Institute). Significance was set at P < 0.05.
Results
Demographic characteristics. Descriptive statistics for the total sample and comparisons between LP and HP groups are reported in Table 1 . No significant differences were observed with regard to age, sex, pubertal stage, SES, EUADM, or AFADM between LP and HP groups. We observed a higher prevalence of AA children in the HP group relative to the LP group.
Body composition, dietary intakes, and energy expenditure. Body-composition measures for the total sample and comparisons between the LP and HP groups are reported in Table 1 . IAAT tended to be lower in the HP group than in the LP group (P = 0.08).
Dietary intake measures for the total sample and comparisons between LP and HP groups are reported in Table 1 . The HP group reported consuming a significantly greater percentage of fat (P < 0.001), %PUFA (P < 0.001), and EPA+DHA (P < 0.001), and a lower percentage of carbohydrate (P < 0.001) relative to the LP group. The HP group also consumed more total PUFAs (P < 0.001), n-3 PUFAs (P < 0.001), a-linolenic acid (ALA, 18:3n23; P < 0.001), EPA (P < 0.001), DHA (P = 0.008), and n-6 PUFAs (P < 0.001), linoleic acid (18:2n26; P < 0.001), and arachidonic acid (20:4n26; P < 0.001) and had higher PUFA to SFA (P < 0.001) and n-6 to n-3 (P = 0.002) ratios when compared with the LP group. No differences were detected between groups with regard to total energy intake, percentage of protein, percentage of SFAs, MVPA, or REE.
Acceptable macronutrient dietary recommendations (as a part of the Dietary Reference Intakes established by the Institute of Medicine) for n-6 PUFAs, ALA, and EPA+DHA have been established (43) . The percentages of children consuming recommended amounts of n-6 PUFAs (5-10% of total energy), plant-derived n-3 PUFA ALA (0.6-1.2% of total energy), and marine-derived n-3 PUFA EPA+DHA (0.06-0.12% of total energy) were 57.7%, 24.8%, and 11.6%, respectively (data not shown). In the HP group, 87.7% met recommendations for n-6 PUFAs, 40.7% for ALA, and 16.1% for EPA+DHA. In the LP group, 27.7% met recommendations for n-6 PUFAs, 9.0% for ALA, and 7.1% for EPA+DHA (data not shown).
Relations between dietary fat and body composition.
Results for the multiple regression models assessing the contribution of dietary fat to variables of body composition and fat distribution while adjusting for pubertal stage, sex, SES, AFADM, EUADM, and total energy intake (with the exception of the %PUFA model) are shown in Table 2 . Models for LM and FM were also adjusted for height. Higher LM was associated with higher intakes of %PUFA (P = 0.003), total PUFAs (P = 0.05), n-3 PUFAs (P = 0.02), n-6 PUFAs (P = 0.02), and PUFA to SFA ratio (P = 0.03). Lower %BF was associated with higher total PUFAs (P = 0.03) and PUFA to SFA ratio (P = 0.02). Lower IAAT was associated with higher %PUFA (P = 0.03), total PUFAs (P = 0.02), and PUFA to SFA (P = 0.05) and n-6 to n-3 (P = 0.01) ratios. On the basis of the seminal work of Wells and Cole (40-42), we also explored the relation between PUFA variables of interest and fat-free mass index and fat mass index (Supplemental Table 1 ). The relations between PUFA variables, fat-free mass index, and fat mass index remained in the same direction, although slightly attenuated (P < 0.08).
Discussion
Our results demonstrate that reported higher intakes of PUFAs are associated with a lower-risk pattern of body composition in a healthy cohort of children 7-12 y of age, independent of biological, environmental, and genetic predictors of pediatric body composition. We found that all measures of PUFA intake (%PUFA, total PUFAs, n-3 PUFAs, n-6 PUFAs) and the PUFA to SFA ratio were positively related to LM. In addition, we found that higher total PUFA intake and a higher ratio of PUFAs to SFAs were associated with both lower %BF and IAAT and higher LM. A higher n-6 to n-3 ratio was related to lower IAAT and had a borderline association with lower FM. Taken together, our results support the hypothesis that the intake of PUFA is positively associated with LM and inversely associated with adiposity in children, independent of known genetic, biological, and environmental covariates.
To our knowledge this is the first study to observe a relation between PUFA intake and LM in children. Observational studies in children (8, 13, 14) and adults (20) have focused primarily on the relation of PUFAs and %BF or obesity status and have not reported on LM. Few human intervention studies have reported the effects of PUFA intake on muscle synthesis or LM and accounted for objective measures of physical activity. Smith et al. (44, 45) (44) and older ($65 y) adults (45) . In a randomized controlled overfeeding trial in normalweight adults (20-38 y), consumption of excess calories from n-6 PUFAs (sunflower oil) was associated with a nearly 3-fold increase in LM relative to those who consumed SFAs (palm oil) (16) . Interestingly, the control supplement in both studies by Smith et al. was n-6 PUFAs (corn oil) and did not affect protein synthesis rates (44, 45) . The proposed mechanism by which n-3 PUFAs may increase or protect LM is enhanced muscle mammalian target of rapamycin (mTOR) pathway signaling during an anabolic state (44) , but this may be a different mechanism than muscle growth in a child. In sum, there is a small but promising amount of evidence to support the positive influence of PUFAs on LM.
Total PUFA intake and the ratio of PUFAs to SFAs were both inversely associated with %BF in children in our study, consistent with observations in other populations. Spanish children (5-18 y) in the highest quintile of PUFA intake had lower odds of being obese than those in the lowest quintile of intake (7), and Spanish youth (6-18 y) with the A allele of the FTO gene reporting a low PUFA to SFA ratio had a 2-fold increased risk of becoming obese (46) . In Swedish and French youth (aged 10-16 y), higher blood concentrations of SFAs were observed in overweight and obese adolescents compared with nonobese controls (14, 15) . In obese 9-to 11-y-old US children, self-reported %PUFA was not correlated with %BF in the fully adjusted model; however percentages of dietary fat, MUFAs, and SFAs remained positively related to %BF (8) . Taken together, PUFA and SFA intake appears to have disparate associations with obesity, particularly in overweight children.
Beyond obesity, excessive abdominal fat (particularly in the visceral compartment) is associated with greater risk of obesityrelated diseases (47, 48) . In our study, lower IAAT (i.e., visceral fat) was associated with higher %PUFA, total PUFAs, and PUFA to SFA and n-6 to n-3 ratios. Total and subcutaneous abdominal fat measures were not associated with any dietary measures of PUFAs. Karlsson et al. (14) found that SAAT, but not IAAT, was correlated with changes in serum PUFAs and SFAs in adolescents, which differs from our findings. These disparities may be due to methodologic differences, such as assessing PUFA status in blood instead of diet, a higher percentage of obese youth in their study (40% vs. 10%), and studying a smaller, racially homogenous population in a case-control study design compared with our cross-sectional assessment of a larger multiethnic population. Consuming PUFAs (n-3 and n-6) in the place of SFAs has been shown to reduce abdominal fat in rats (18, 19) , broiler chickens (n-6) (49), and adults (n-6 and n-3) (16, 50) . The mechanism for the effect of PUFAs on FM may be mediated through beneficial fuel partitioning of PUFAs compared with SFAs (19, 51) . In addition, PUFAs could be modulating adipogenesis through activating PPARs, which affect adipocyte growth, differentiation, and lipid oxidation (52, 53) . We hypothesize that PUFAs may affect fuel storage in adipocytes, due to FA oxidation and/or a direct effect of less SFA on lipogenesis, or both. However, this is outside the scope of this study and we cannot speak to this hypothesis directly.
Although total dietary PUFAs were associated with lower adiposity in our study, the marine-derived n-3 PUFAs EPA+DHA were strongly related to lower adiposity in children in additional studies. Several studies in youth from France, Japan, Australia, and Sweden found inverse relations between BMI or adiposity 1 Sample sizes are as follows: BMI%, n = 311; lean mass, n = 304; fat mass, n = 304;
percentage body fat, n = 304; IAAT, n = 209; SAAT, n = 209; TAAT n = 209. All models adjusted for pubertal stage, sex, socioeconomic status, African genetic admixture, European genetic admixture, and total energy intake (with the exception of % of total energy from PUFAs). Models for log fat mass and log lean mass were also adjusted for height in the regression model. BMI%, BMI percentile for age and sex; IAAT, intraabdominal adipose tissue; SAAT, subcutaneous abdominal adipose tissue; TAAT, total abdominal adipose tissue; %PUFA, percentage of total energy consumed from PUFAs.
and blood concentrations of EPA and/or DHA (12, 14, 15, 54) . However, these studies differed methodologically from ours in that blood concentrations of n-3 PUFAs were measured. In addition, ALA provided most of the n-3 PUFAs in our study, whereas EPA+DHA intake was low. Overall, the few studies published in children have shown that n-3 PUFAs are correlated with normal body weight and more healthful levels of adiposity, but more research is needed to establish a causal relation. An elevated ratio of n-6 to n-3 FAs in the Western diet, primarily due to increased dietary availability of n-6 PUFAs, has been implicated in causing greater FM accumulation and as a possible contributor to the increased prevalence of childhood obesity (11, 55) . Our findings that higher n-6 PUFA intake was associated with higher LM and that a higher n-6 to n-3 FA ratio was related to lower IAAT and tended to be related to lower FM (P = 0.07) may seem paradoxical in light of this theory. However, the evidence supporting this theory derives primarily from mechanistic data on rodents (11) . To our knowledge, clinical trials have not demonstrated that high n-6 PUFA intake or a higher n-6 to n-3 FA ratio contributes to excessive or dysfunctional adiposity in children (10, 16) . Thus, the PUFA to SFA ratio may be a meaningful dietary ratio related to adiposity in children but more research is needed.
We acknowledge the limitations of a cross-sectional study design and do not ascribe causality to the relation observed between PUFA intake and body composition. The lack of biomarkers in our study, such as erythrocyte phospholipid FAs, to confirm the PUFA intake values from the 24-h dietary recalls is also a significant limitation. However, blood concentrations of PUFAs are fairly well correlated to PUFA dietary intake, depending on the tissue sample and dietary intake methods (56, 57) , but differences in FA metabolism can cause changes in blood FA profiles unrelated to intake (58) . An FFQ related to fish intake (an episodically consumed food in the United States) could have better captured n-3 PUFA intake estimates, which were quite low. However, an FFQ was not included in the study protocol. The study of overall dietary patterns, rather than a focus on FAs, was outside the scope of this study and thus we cannot speculate on how the inclusion of this may have affected our results.
The strengths of this study are the large cohort of multiethnic children with robust measures of factors that are known to affect energy balance. We used the most advanced imaging techniques to determine total adiposity and LM and abdominal fat distribution with DXA and CT scans, respectively. In addition, our analysis accounted for demographic covariates that have been shown to independently contribute to body composition, including SES, sex, and pubertal status (36) . Given the established role of genetics in pediatric body composition (21) , an additional strength of this study includes adjusting for ancestral genetic background. Finally, we accounted for energy expenditure, including objective physical activity, with robust measures of 7 d of accelerometry and objective measures of REE.
In summary, our results extend what is known about the relation between PUFA intake and body composition by demonstrating that higher reported dietary PUFA intakes are associated with lower %BF and visceral adiposity in a multiethnic cohort of children. Importantly, we also found that higher self-reported intakes of PUFAs (as measured by % of total energy from PUFAs, total PUFAs, n-3 PUFAs, n-6 PUFAs, and a high PUFA to SFA ratio) are associated with higher levels of LM, independent of genetic, environmental, and biological covariates. Further investigation is required to determine if dietary FA composition in childrenÕs diets plays a causal role in maintaining or achieving a desirable body composition.
